Abstract A synthetic zeolite, commercially available as permutite was tested for removing radiocobalt from aqueous solutions by sorption. The sorption process was studied as a function of contact time, pH, ionic strength and solid content by batch technique. The results revealed that the process is dependent on the pH and ionic strength under ambient conditions. The kinetic sorption was fitted well by a pseudo-second-order rate equation. The thermodynamic parameters (DH 0 , DS 0 , DG 0 ) suggested that sorption behavior of Co(II) is a spontaneous and endothermic process. The study shows that permutite has excellent potential for disposal of wastewaters containing radiocobalt.
Introduction
Discharge of aqueous radioactive waste from nuclear industry has become a major concern all over the world due to its potential to pollute portable water sources. In particular, this issue is of great interest in china because of the expanding nuclear industry. Radionuclide 60 Co is one of the most problematic radionuclides in the radioactive effluent because of its long half-life (t 1/2 = 5.27 y) and high energy decay photons [1] . Exposure to such ionizing radiation increases the risk of developing radiation induced illness such as cancer. Furthermore, acute cobalt poisoning can cause other health problems such as asthma or damage to vital organs [2] . Therefore, to minimize health risks and maintain ecosystem stability, it is imperative that the level of 60 Co in nuclear discharge is reduced to permissible limits (2 lg/L) [3] .
With a better awareness of this problem, the removal of 60 Co from wastewater has been the focus of many research studies [1, [4] [5] [6] [7] [8] . In these studies, sorption is widely adopted and different clay minerals are applied. Zeolites, one of clay minerals, are nanoporous aluminosilicate materials. They have a framework structure with enclosed cavities and tunnels, which provide a conducive environment for sorption. A variety of these materials have been generated for sorption purposes [9] . However, these natural zeolites do not often perform optimally in industrial applications. Because of the high efficiency required in nuclear wastewater treatment, low impurity synthetic zeolites with better cation exchange capacity can be good alternative sorbents.
The aim of this work was to test the 60 Co sorption capacity of permutite, a synthetic zeolite manufactured by a chinese company, Sinopharm Chemical Reagent, and further assess its potency for nuclear wastewater treatment. In all experiments, the stable cobalt was chosen as an adsorbate to simulate the sorption of radioactive cobalt. This approach was adopted on the basis that stable cobalt has similar chemical characteristics as radiocobalt. The influence of contact time, pH, ionic strength and solid content factors on radionuclide 60 Co(II) sorption on permutite were investigated. From the measurements, sorption isotherms were determined and the thermodynamic parameters of 60 Co(II) sorption on permutite were calculated.
Materials and methods

Materials
Permutite which was applied as the raw material of the sorbent was obtained from a chinese company, Sinopharm Chemical Reagent. According to the information from the manufacturer, permutite was made by fusing argil, siliceous sand and sodium carbonate, and its particle size ranges from 0.18 to 0.25 mm. Cobalt chloride hexahydrate (CoCl 2 Á6H 2-O) was used as the raw material of adsorbate, while distilled water (18 MX) was used as the solvent. Xylenol orange was used as color developing agent while a solution of acetic acid and sodium acetate (HAc-NaAc) was used as buffer medium. All chemicals were purchased in analytical purity and used without any further purification.
Experimental apparatus
The light absorbence of cobalt complex was measured by UV-1800 spectrophotometer, the technical specifications of the equipment are shown in Table 1 . Other equipments used in this work include pH meter, Centrifuger, Orbital shaker and Electrical thermostatic oscillation tank.
Experimental procedures
All the experiments were carried out in polyethylene centrifuge tubes (15 ml) under ambient conditions by batch technique. Clay suspensions, sodium chloride solutions and distilled water were pre-equilibrated for 24 h to achieve Na ? sorption equilibration on permutite. Then, Co(II) stock solution was added to achieve the desired concentrations of different components. After the addition of the above components, the solution in the test tubes achieved final volume of 10 ml. Each test solution was adjusted to desired pH by adding negligible volumes of 0.01 or 0.1 mol/L HCl or NaOH. The suspensions were oscillated under orbital shaker or electrical thermostatic oscillation tank for 24 h to achieve sorption equilibrium. After equilibrium, all the suspensions were centrifuged at 8,000 rpm for 30 min to separate the liquid phase. The supernatant solution (2 ml), HAc-NaAc buffer solution (5 ml), color developing agent (4 ml) and distilled water were mixed in the volumetric flask (25 ml), and then heated 10 min at 328.15 K in the electrical thermostatic oscillation tank. At last, the light absorbance of cobalt complex was measured at 578 nm by Uv-vis spectrophotometer.
To study the kinetics of cobalt sorption on permutite, an initial cobalt concentration of 10 mg/L was used. The temperature was at 298.15 K and solution pH was about 6.35. The suspensions were oscillated under orbital shaker for 0-24 h. The concentration of sodium chloride was kept at 0.01 mol/L while the solid content was 0.3 g/L.
To investigate the effect of pH and ionic strength on sorption, the pH was adjusted from 4 to 12, while the concentration of NaCl was varied (0.001, 0.01 and 0.1 mol/L, respectively). A contact time 24 h was used. The other parameters were the same as for the kinetic studies. To further investigate the effect of solid content on sorption, the solid content was varied from 0.1 to 1.1 g/L, but other parameters were the same as those used in the pH and ionic strength investigations.
For equilibrium sorption isotherm, the initial concentration of cobalt was varied from 4 to 24 mg/L. The suspensions were oscillated for 24 h under electrical thermostatic oscillation tank at 298.15, 318.15 and 338.15 K. The solid content was 0.3 g/L, but other parameters were the same as for the investigation of solid content.
Sorption isotherm models
A nonlinear fitting of the Langmuir and Freundlich models was used to determine the sorption isotherms. The Langmuir model assumes that sorption cannot proceed beyond monolayer coverage and the sorption sites are equivalent. It also assumes that solute immobilization occurs without mutual interaction between the neighboring sorbed molecules. Equation 1 describes the model.
where C e is the equilibrium concentration of Co(II) remaining in the solution (mol/L); q e the amount of Co(II) sorbed after equilibrium (mol/g); q max , the maximum sorption capacity, is the amount of sorbate at complete monolayer coverage (mol/g), and b (L/mol) is a constant related to the heat of sorption. The characteristics of the Langmuir isotherm can be expressed in terms of a dimensionless parameter R L , (also called separation factor), which has been defined as the isotherm shape to predict whether an sorption system is favorable or not. The relationship between R L and isotherm parameter b is shown in Eq. 2.
where C 0 is the initial concentration of Co(II) in solution (mol/L). The value of R L indicates the sorption process to be irreversible ( [10, 11] . The Freundlich model is based on an exponential distribution of active sites and their energies, heterogeneous surface for ion exchange and possible mutual interaction between sorbed molecules [12, 13] . The model is represented by Eq. 3:
where k F (mol 1-n L n /g) represents the sorption capacity when metal ion equilibrium concentration equals to 1, and n refers to the Freundlich sorption intensity parameter.
Calculation
The sorption of Co(II) was expressed in terms of distribution coefficient (K d ) [14] and sorption percentage(%) [15] , which were calculated by the following equations:
where C 0 is the initial concentration, C e is the equilibrium concentration in supernatant after centrifugation, m is the mass of permutite, and V is the volume of the suspension.
All the experiments were completed in triplicate and the average uncertainties were below 5 %.
Results and discussion
Sorption kinetics Figure 1 shows the influence of contact time on the removal of Co(II) by permutite. As shown in the figure, the sorption of Co(II) on permutite increases rapidly at the initial contact time and then reaches a plateau, which indicates that the sorption of Co(II) on permutite is mainly dominated by chemical sorption rather than physical sorption [16] [17] [18] [19] . Sorption process proceeds in two steps: a initial fast step, followed by a much slower step. The first step is attributed to the chemical reaction with the functional groups, while the second step could be attributed to the exchange with cations in the inner surface of permutite and the longer range of diffusion through the particle pores. On the basis of the above results, the shaking time was fixed to 24 h to ensure the complete sorption equilibrium.
To determine the kinetic parameters of the sorption process, a pseudo-second-order rate equation was used to simulate the kinetic sorption [20, 21] :
where q t (mg/g) is the amount of Co(II) sorbed on the surface of permutite at time t (h), and q e (mg/g) is the equilibrium sorption capacity. While K (g/(mg h)) is the pseudo-second-order rate constant of sorption. The correlation coefficient (R 2 = 0.9867) of the linear plot of t/q t versus t (the inserted figure in Fig. 1 ) is very close to 1, which indicates that the kinetic sorption of Co(II) onto permutite agrees with the pseudo-second-order model. Figure 2 shows Co(II) sorption on permutite as a function of pH under 0.001, 0.01, 0.1 mol/L NaCl solutions at 298.15 K, respectively, while Fig. 3 shows the distribution species of Co(II) as a function of pH. From Fig. 2 , it is clear that the efficiency of Co(II) removal by permutite is pH dependent. Furthermore, the function profile takes three and the positively charged edge groups ( SOH þ 2 ) since surface protonation reaction. For the second phase, as the pH increasing, the positive charge density of sorption edges reduces by the deprotonation reaction and some surface binding sites becomes negatively charged (such as SO À ), enhancing the sorption of positively charged Co(II) ions through electrostatic attraction. At high pH (pH [ 8.5), Co(II) ions start to precipitate in the form of the insoluble hydroxide Co(OH) 2 and the species of Co(OH) 3 -competes with negatively charged surface of permutite, which contribute to the slight decrease of sorption percentage. The results are similar to the sorption of Co(II) on Ca-rectorite [5] , electrospun meso-hydroxylapatite nanofibers [16] , magnetic multiwalled carbon nanotube/iron oxide composites [22] and bagasse pith based sulphurised activated carbon [23] .
Effect of pH
Effect of ionic strength
As shown in Fig. 2 , the removal of Co(II) is significantly affected by ionic strength at pH \ 8.5, however there is no drastic change in adsorption beyond this pH for all the NaCl solutions. This is possibly due to the influence of ionic strength on the thickness and interface potential of the double electrode layer, which could affect the binding of sorbed species [24] . The sorption of Co(II) on permutite increases as the ionic strength decreases at pH \ 8.5. There are three possible explanations for this phenomenon: Firstly, the Co(II) ions form outer-sphere complexes with the permutite, favoring the sorption when the electrolyte concentration decreases. This suggests that the sorption between the functional groups of permutite and Co(II) ions involves ionic interaction, which is consistent with an ion exchange mechanism [25] . Secondly, the influence of ionic strength on the activity coefficient of the Co(II) ions limits their transfer to permutite surfaces [26] . Thirdly, the electrostatic repulsion reduces with the increase of ionic strength, leading to increase in permutite particle aggregation. This would further reduce the amount of available binding sites [24] .
In order to establish the relationship between C e , pH and q e for Co(II) sorption on permutite, the experimental data of Co(II) sorption in 0.001, 0.01 and 0.1 mol/L NaCl were plotted as three dimensional plots of C e , pH and q e , as shown in Fig. 4 . On the pH-q e plane, one can see that the sorption of Co(II) on permutite is greatly dependent on pH values, which is similar to the results shown in Fig. 2 . The projection on the pH-C e plane is just the inverted image of the projection on the pH-q e plane; On the C e -q e plane, all experimental data lie in a straight line. Equation 7 describes the relationship of C e -q e : mol/L significantly with increasing of permutite contents. A possible explanation for this phenomenon could be that more binding sites on surface of permutite were available with the increase of solid content, enhancing the formation of complexes between Co(II) and permutite. Figure 5 shows the K d values as a function of solid contents. One can see that the K d values are constant with increasing solid contents, which is in agreement with the physicochemical property of the distribution coefficient, suggesting that there is almost no competition among the functional groups at permutite surfaces. Figure 6 shows the sorption isotherms of Co(II) on permutite at 298.15, 318.15 and 338.15 K, respectively. It is clear that the sorption isotherm at high temperature is higher than that at low temperature, which indicates that the high temperature promotes Co(II) sorption on permutite.
Sorption isotherms
The experimental data of Co(II) sorption are simulated with the Langmuir and Freundlich models, and the results are shown in Fig. 6 . The relative parameters calculated from Langmuir and Freundlich models are listed in Table 2 . It can be concluded from the correlation coefficients that the Langmuir isotherm fits the experimental data very well, which suggests almost complete monolayer coverage of sorbent surfaces. The sorption process is favorable on the basis of the values of R L (in Table 2 ) in the range 0-1. All the values of n obtained from the Freundlich model are lower than 1, which indicates that a nonlinear sorption took place on the surface of sorbent.
Thermodynamic parameters
Thermodynamic parameters can provide additional indepth information regarding the inherent energetic changes Table 2 The parameters for the two isotherm models at different temperatures associated with the sorption process. The thermodynamic parameters, average standard enthalpy change (DH 0 ), standard entropy change (DS 0 ) and Gibbs free energy change (DG 0 ) for Co(II) sorption on permutite can be determined from the temperature-dependent sorption. The Gibbs free energy change can be calculated from the following equation:
where K 0 is the sorption equilibrium constant, R is ideal gas constant (8.315 J/(mol K)), and T is the absolute temperature in Kelvin (K). The values of lnK 0 are obtained by plotting lnK d versus C e (Fig. 7) 
The average standard enthalpy change (DH 0 ) is then calculated from the relationship:
The values calculated by Eqs. 8-10 are listed in Table 3 . The positive value of DH 0 suggests the sorption process is endothermic, probably because the solvated Co(II) ions in water have to partly denude their hydration sheath before its sorption on permutite [16, 27] . This dehydration process needs energy, which exceeds the exothermicity of Co(II) ions to attach to the permutite surface [16] . The positive DS 0 value reflects the high affinity of permutite towards Co(II) ions in aqueous solutions, and suggests some structural changes onto permutite surface. The value of DG 0 is negative as expected for a spontaneous process under the conditions applied. The DG 0 value decreases with an increase of temperature, indicating that spontaneity increases with increasing temperature. At high temperature, cations are readily desolvated, and hence their sorption becomes more favorable [27, 28] . Above all, it can be concluded that the sorption of Co(II) on permutite is an endothermic and spontaneous process.
Comparison of Co(II) sorption capacity of permutite with other sorbents Several sorbent materials, either naturally occurring or synthetic, can be used to eliminate Co(II) from wastewater. The maximum sorption capacity (q max ) of Co(II) simulated by the Langmuir model for the different materials are listed in Table 4 . From the table, it can be observed that the sorption capacity of permutite is better than some sorbents under similar experimental conditions.
Conclusions
As part of an ongoing research in our lab to identify the most appropriate materials for nuclear waste water treatment, we studied the sorption process of Co(II) on permutite, a synthetic zeolite, under different experimental conditions. The sorption is pH and ionic strength dependent. The sorption kinetic results and the separation factor of Langmuir isotherm model reveal that the sorption of Co(II) onto permutite is a favorable chemical sorption process. The thermodynamic parameters indicate the sorption of Co(II) onto permutite is an endothermic and spontaneous process. Compared with other sorbents, it is clear that the permutite has excellent potential for disposal of radiocobalt (II) bearing wastewaters and may be suitable for the uptake other heavy metals and radionuclides. However, the capacity to sorb other heavy metals in different conditions needs further investigation.
